Unicellular organism from various kingdoms of life face the challenge of regulating their size. Despite decades of research, we still do not have a good understanding of the molecular mechanisms involved in this regulation, and how cells coordinate the different events of the cell cycle, such as growth, division and DNA replication is still unclear. Here, we report on experimental results for the budding yeast Saccharomyces cerevisiae and the bacterium Escherichia coli, showing that, remarkably, they share a common strategy for cell size control. We collected data on single-cell growth and cell cycle progression in S. cerevisiae in several growth media and estimated the distributions of size at birth and interdivision time as well as their correlations throughout cell lineages. We also performed the same analysis on previously collected data on single-cell growth and division in E. coli. The results are in quantitative agreement with the predictions of the incremental model, which leads to the addition of a constant volume (up to fluctuations), independent of size at birth, between birth and division; we show that in both organisms size at birth and size at division exhibit a linear relationship with slope one. This result, together with extended additional analysis supporting the incremental model, argues against the existing "critical size" paradigm for cell size control in bacteria and yeast.
When grown in an environment with sufficient nutrients, many single-cell organisms grow exponentially in volume [1] and then divide, symmetrically or asymmetrically. Despite huge differences in the underlying molecular processes, both prokaryotic and eukaryotic organisms coordinate the various processes during this cycle exquisitely -DNA replication is completed before division, the chromosomes are segregated into the two daughter cells, the amount of each protein is carefully regulated and coordinated with the cell volume. Each cell is an efficient, micron-sized factory able to replicate itself nearly identically within minutes -a process which obviously demands tight feedback and control. One striking example of such feedback regards the control of the cell volume: How is such control achieved?
In bacteria, cell division is often assumed to occur at a critical size. In particular, a long standing model of size control postulates that cell division occurs a constant delay after the initiation of DNA replication, which is triggered when the bacterium reaches the appropriate size [2] . Nevertheless, the "critical size" model of replication initiation has been repeatedly challenged [3] [4] [5] . Other models leading to a critical size at division have been proposed, for instance postulating that such size control acts directly at the level of septum formation [6] [7] [8] . But there is no experimental evidence of such a mechanism. Thus, the generally accepted critical size model of division control still lacks conclusive evidence. In addition, size at birth and size at division have been shown to be significantly correlated at the single-cell level, which argues against a size threshold for division [9] . This discrepancy of the critical size model with experimental data has been recently studied in E. coli in Ref. [10] , where a concerted control by time and size has been proposed. In budding yeast, the control of cell size is believed to be present predominantly in daughter (first-generation) cells, and also generally assumed to rely on the existence of size thresholds determining cell cycle progression, in particular at the G1/S transition [11] . In agreement with this hypothesis, the size at birth influences the time spent in G1 for daughter cells: smaller cells have a longer G1 period [12] . Nevertheless, even though cells born smaller have a longer G1, the compensation is imperfect and they still bud at smaller cell sizes [11] . This argues against a simple size threshold mechanism.
In this work, we quantitatively characterize the size control strategy of S. cerevisae and E. coli. We performed video-microscopy experiments following single cell growth and cell cycle progression in S. cerevisiae growing in different media. We measured the size at birth, size at division and interdivision time of single cells within their lineages and estimated their distributions and correlations. In parallel, we performed a similar analysis on two datasets of single cell growth and division in E. coli, obtained by Wang, Robert et al. and Stewart et al. [13, 14] .
We show that there is a striking similarity in the strategy employed by both organisms to control their size, even though it is likely to be carried out by different molecular mechanisms. This strategy is not based on a simple thresholding mechanism but can be described by the so-called incremental model [15] , in which, effectively, a constant volume is added between birth and division, independently of the cell size at birth. This implies significant positive correlations between the size at birth and division, and negative correlations between the size at birth and interdivision time -which we quantify within the model and corroborate experimentally. In a particular form of the incremental model, a constant volume is added between two successive events of DNA replication initiation [15] . Division then occurs a constant delay after this initiation. Indeed, both for E. coli and S. cerevisae experiments suggest that the constant volume is not added from birth to division but rather between two events in the cell cycle, for instance Start for S. cerevisae and DNA replication initiation for E. coli. We will show that the aforementioned correlations are identical in this scenario to the ones obtained by having the increment from birth to division. This variant of the incremental model, however, will be able to reconcile the fact that the time between Start and division is uncorrelated with size for S. cerevisae (which is not plausible if the constant volume is added from birth to division) and will account for the exponential size dependence of E. coli on growth rate.
Model assumptions
The key point of the model is that the trigger for DNA replication initiation in E. coli or Start in S. cerevisiae (i.e. the commitment to replication and budding) is the accumulation of a constant volume since the previous Start/initiation event. A hypothetical model which implements this strategy is given in Ref. [15] for E. coli, where an "initiator" protein is accumulated in the cell as the volume increases, and upon reaching a threshold level replication initiation occurs. It should be noted that during the accumulation of the initiator, the cell may divide -we will assume that the initiator proteins are distributed uniformly throughout the cell, hence in this case the fraction of the accumulated initiator which is "inherited" is proportional to the relative size of the daughter cell. Another central point in the model is the link between Start/initiation and division : division occurs a constant delay after Start/initiation. This assumption is in agreement with several experimental observations. In yeast, the duration of the budded phase (i.e. time elapsed between Start and division) is independent of cell size, as shown in Fig. 2a . In bacteria, seminal work by Cooper and Helmstetter showed that the time from initiation to division is independent of the growth rate [16] , and measurements at the single-cell level showed a strong correlation coefficient between size at initiation and division [9] .
Throughout the work, we shall assume that individual cells grow exponentially in size (i.e., mass and volume). This assumption is supported by precise measurements of cell mass [1] as well as optical measurements of cell volume both in bacteria [14, 17, 18] and budding yeast [19] , and an appealing model for its theoretical basis was recently proposed [20] . We also verified this assumption in our experimental results on yeast growing in several different media, as shown in Fig. 2b , and in the bacteria datasets. We shall also assume that during the budded phase of yeast, the bud grows while the mother cell size remains constant -which describes the experimental observations well (the ratio of the mean cell size at budding to mean mother size at division is between 1.017-1.05 in our experiments). In contrast, E. coli grows uniformly and divides nearly symmetrically [21] [22] [23] [24] [25] -due to this difference a different calculation has to be performed for this case, but as we shall show many of the final predictions will be identical. This concludes the definition of the model, and at this stage we may proceed to find its predictions with regards to correlations between the various variables in the cell cycle.
The incremental model and its predictions for budding yeast
The yeast cell divides asymmetrically into a mother and a daughter cell. Just after division the ratio of daughter to mother cell size is given by:
where t b is the duration of the budded phase and λ is the growth rate. A symmetric division would correspond to r = 1. We denote the mother size at birth by v 
FIG. 2:
Data on budding yeast shows exponential growth and constant asymmetry ratio. a. The asymmetry of division r, related to the time t b of the budding phase via Eq. (59), is uncorrelated with the cell size at birth. The ratio of daughter to mother cell size at birth r is estimated on 1000-2000 dividing daughter cells and binned according to their size at birth (blue dots; bins with less than 4 points are ignored.). The error bars are standard error of the means. See the Material and Methods section for further details regarding the experimental setup. b. The relative growth between daughter cell birth and division,
, is shown to be proportional to the interdivision time T normalized by the growth rate, λ. This linearity, shown in 5 different growth media, is consistent with exponential growth at the single cell level and would be in sharp contrast to a linear growth law.
i.e. the cell divides, the size of the mother cell is denoted v 
Hence:
Its size at division will be v new s
(1 + r), thus we find:
This is a realization of the incremental model, with:
Repeating the analysis for the mothers leads to the same result, Eq. (4) remaining intact. This analysis suggests the following predictions:
(1) According to Eq. (4), plotting size at division versus size at birth is expected to produce a linear relationship with slope 1.
(2) Similarly, we predict a negative correlation between interdivision time and size at birth. From Eq. (4), we conclude that:
(3) The asymmetry should be independent of the size at birth; thus there would be no correlations when plotting the asymmetry against the size at birth.
(4) From Eq. (3) we find that the volume increment during budding is positively correlated with the size at birth, while that during G 1 is negatively correlated with it, see the SI for details of the calculations.
As shown in Eq. (4), the accumulation of an initiator between two successive Start transitions leads to the addition of a size-independent, constant volume from birth to division. This simple incremental property leads to prediction 1 and 2, which are therefore independent of the assumptions on the link between Start and division. In contrast, predictions 3 and 4 are derived from these assumptions.
It should also be emphasized that these predictions are very different than those associated with a critical size model: for example, in that case, the slope of prediction (1) should be close to 0, and the correlation between t d and v The incremental model and its predictions for E.coli
The model discussed in the previous section with r = 1 (symmetric division) does not describe the case of E. coli : the difference lies in the mode of the growth, where in budding yeast all growth occurs in the bud during the budded phase, while for E. coli growth occurs uniformly and the division is nearly symmetric, with the asymmetry coefficients (defined here as the ratio of sizes of a given daughter cell to the cell before division) distributed narrowly and normally [21, 22, 26] . For this reason the derivations in the previous section are not valid for E. coli ; even though λT may significantly differ between growth media, the asymmetry ratio is always close to 0.5, and Eq. (59) is incorrect. Another important difference is the existence of multiple replication forks in bacteria -implying that several divisions may occur during the DNA replication process. Despite these important differences, Eqs. (4) and (5) are still valid, as is shown in Ref. [27] . Therefore predictions (1) and (2) are still intact. Furthermore, for the case of E. coli we may analytically calculate the correlation coefficients between various variables, including the effect of the slight asymmetry in division observed in E. coli. The asymmetry for the dataset we use here was analyzed in Ref. [26] and found to be normally distributed, in line with previous work [21, 22] . Taking this into account, in the SI we calculate 7 Pearson correlation coefficients which we later compare with simulations and experiments, see Eqs. (19) (20) (21) (22) (23) (24) (25) (26) of the SI. Table I gives these predictions, as well as the different ones obtained from the critical size model.
COMPARISON WITH EXPERIMENTAL RESULTS ON BUDDING YEAST
To test the predictions of the incremental model in budding yeast we devised a visualization system that enables characterizing the unperturbed cell cycle dynamics of thousands of individual cells at a high temporal resolution. Fluorescent labeling of bud neck ring and the nucleus by the fusion proteins Cdc10-GFP (Bean et al, 2006) and Acs2-mCherry (Huh et al, 2003) , respectively enabled precise definition of cell birth, cell division and the initiation of budding. We used a high throughput time lapse microscopy with a built-in auto-focusing apparatus (Paran et al, 2007) and developed an automatic software that enabled following and tracking individual cells over multiple division cycles. Our analysis identified timings of cell cycle transitions and respective volumes of the cells. We grew yeast cells at different growth rates by changing the carbon source in the medium (glucose high or low concentration, galactose, glycerol and raffinose).
It is possible to test prediction (1) directly, by plotting the relation between size at division and at birth. 3 shows the size at birth vs size at division for daughter cells growing in five different media. For the red lines and dots, the data was binnned according to the cell size at birth. The black lines are single-parameter fits: for each of them, the slope was forced to be 1, in agreement with the prediction of Eq. (4), and the value of ∆ (corresponding to the intercept of the line with the y axis) was taken as a fitting parameter. Determining the slope from the raw data using linear regression analysis gave values of 1 ± 0.05 for all 5 growth conditions. If Eq. (4) describes the way cells regulate size, then ∆ would be the population-average size at birth -since after N division events the total volume added would be approximately N ∆. Since division is asymmetrical, we expect ∆ to be the average of the daughter and mother sizes. In fact, using this information we are able to correctly infer the asymmetry by considering the data for the daughter cells alone (see the SI).
Similarly, using the physiological growth rate for each growth condition from and interdivision time, using Eq. (6). Fig. 4 shows the size at birth and time to division for daughter cells (red lines and dots are obtained by binning the data according to the cell size at birth), and compares them to the theoretical predictions without any adjustable parameters (black line). (3) with the data. The asymmetry r is estimated on single cells, binned according to the cell size at birth and plotted against cell size at birth, showing no correlation. From Eq. (1) we can conclude that the duration T of the budded phase is uncorrelated with cell size. In the SI we also show the good agreement of prediction 4 with the data: in daughter cells, size at birth is negatively correlated to the growth during G 1 and positively correlated to the growth during the budded phase, in all our growth conditions. We also measured the correlation between the size of the mother cell at budding and that of the daughter cell at budding, finding agreeable comparison with the theoretical predictions of the incremental model, as given by Eq. (3) In addition to the correlations, in the SI we derive analytical results for the newborn size and interdivision time distributions, which we show to agree well with numerical simulations. Fig. 5a compares the theory with the experimental results (for glucose), where we have used the magnitude of this noise as the single fitting parameter. . The only fitting parameter in the theory is the magnitude of a stochastic noise, σT , which accounts for the coefficient of variation of both distributions. (b) Similarly, for symmetric divisions, the incremental model predicts that the size distributions is narrower than that of the interdivision time distribution by log(2). This is illustrated in the figure, showing that the distribution of τ d /σT log 2 (v b /v0) (blue line) collapse on the standardized time distribution (t−τ d )/σT (red line). All distributions were generated using a kernel density estimation.
COMPARISON WITH EXPERIMENTAL RESULTS ON E. COLI
In order to test the predictions of the incremental model, we analyzed two datasets, coming from two experimental studies, by Stewart et al. [13] and Wang, Robert et al. [14] . In both cases, numerous single cells of E. coli growing in rich medium were followed by videomicroscopy, and their length measured regularly (every 1 or 2 minutes) from birth to division. In Stewart et al. the cells were growing into microcolonies on LB-agarose pads ("Agarose dataset") whereas in Wang, Robert et al. the cells were grown in a microfluidic setup consisting of microchannels ("µchannels dataset") . Our analysis yielded similar results for the two datasets, showing the robustness of the results to the experimental conditions. As mentioned previously, for E. coli the incremental model leads to the predictions (1) and (2), which are tested in Fig 6. Fig. 6a is the analog of Fig. 3 for E. coli, showing the correlation between the size at birth and size at division. As for figure 3, the red line and dots are obtained by binning the data and the black line is the prediction, with a slope of 1 and a fitted intercept. Similarly, Fig. 6b is the equivalent of Fig. 4 , showing the negative correlations between the size at birth and the interdivision time -as for Fig. 4 , the comparison is done without any fitting parameters. Figure 6 thus shows the excellent agreement between the data and the predictions (1) and (2) .
The assumption of nearly symmetric division significantly simplifies the calculations and allows to obtain analytic formulas which are not possible for asymmetric division. An important example regards the coefficient of variation (CV) of the size at birth and interdivision time distributions. A-priori, one may think that the two are independent properties of growth. However, within the incremental model a single source of stochasticity is responsible for the widths of both distributions. As is calculated in Ref. [27] , the distribution of size at birth, v b , is relatively narrower and its CV is log(2) ≈ 0.69 smaller than that of the interdivision times. In agreement with this prediction, we estimated the ratio of CVs of size at division and interdivision time in the µchannels dataset and found 0.69 ± 0.03 for 3 independent experiments. The theory thus predicts that the distribution of the normalized logarithm of size at division, log 2 (v d /v 0 ), should collapse on the distribution of interdivision time appropriately rescaled, (t/τ d − 1). Both distributions are expected to be approximately Gaussian. Fig. 5b shows the distributions of size at birth and interdivision time normalized according to the theory, the excellent collapse of the curves supporting the validity of the incremental model.
The validity of the incremental model for E. coli can be further tested by comparing theory and experiments for the correlation coefficients: in Ref. [27] the correlation coefficient between size at birth and size at division is shown to be 0.5 for perfectly symmetric division, and the correlation coefficient between size at birth and interdivision time is shown to be −0.5. These values are consistent with those measured in slow growth conditions [9] and more recently in fast growth conditions [26] . In the SI we extend this analysis to a small but finite variance of the asymmetry around 0.5, and calculate the correlation coefficients between size at birth and size at division, size at birth and interdivision time, size at division and inter- Table I : Correlation coefficients between various variables in the E. coli cell cycle were computed theoretically within the incremental model and the critical size model, and compared to experimental results on agarose and using microchannels. Each value was deduced from averaging several experiments, and the STD was deduced accordingly (4 and 8 experiments for µchannels and agarose respectively). Abbreviations: "size div" is the cell size at division, and m:d stands for mother:daughter correlation coefficients.
division time, as well as sister:sister and mother:daughter correlation coefficients. The following table compares the theoretical predictions to the experimental values, after elimination of outliers as explained in the SI.
DISCUSSION
In this work we showed that despite the immense differences in morphology, DNA replication and growth of S. cerevisiae and E. coli, these two organisms both appear to control their size using a similar strategy -described mathematically by the incremental model, where, effectively, a constant volume is added between birth and division. The correlations between size at birth and at division, and between size at birth and interdivision time are quantitatively predicted by such a model, and agree well with our experimental data. For both bacteria and yeast, the current paradigm for cell size control is via the triggering of an event in the cell cycle upon reaching a critical size. Our results challenge this view, since within such a picture the correlations between size at birth and at division would be absent, and those between size at birth and interdivision time would not agree quantitatively with our results.
Size control could act directly at the level of cytokinesis. Gradients of division inhibitors in bacteria (Min system, [28] ) or G2/M inhibitors in fission yeast (Pom1; [29, 30] ) are examples of systems that could be used to control division in a size-dependent way. Nevertheless, such geometrical sensors would hardly realize the incremental model and would more likely generate a size threshold. Alternatively, size control can act on a previous event in the cell cycle. In the incremental model first introduced by Sompayrac et al. to describe bacterial cell cycle [15] , the size increment is added between two successive events of DNA replication initiation. Initiation is triggered by an initiator protein which has to accumulate up to a given amount per origin of replication. Division then occurs after a constant delay, leading to a constant increment of volume between birth and division.
In support of this model, average cell size is known to increase exponentially with growth rate, with an exponent of 60 minutes, i.e. equal to the growth rate-independent duration between replication initiation and division, as predicted by the model. In addition, the link between division and replication initiation in bacteria is supported by a strong correlation between these two events at the single cell level [9] . Taken together these results suggest that the increment of volume occurs between two events of replication initiation. This could be realized by the accumulation of the initiator protein DnaA [27] . Likewise, our experimental results in yeast showing a sizeindependent duration of the budding phase suggests that the size increment occurs between two Start events. Our results for the correlations between the size at birth and the volume increment during budding or during G1 provide additional support. This idea is also in accord with the widespread view that in budding yeast size control occurs via control at the G1/S transition [11, 12] (in contrast to fission yeast [11, 31, 32] ). Recent work showed that the G1 period could be divided into a size-dependent and size-independent period, separated by the exit of Whi5 from the nucleus [19] . Our results do not allow determining where size control acts within the cascade of molecular event leading to replication and budding but as discussed in SI, they would be compatible with size control acting before the end of G1, for instance at Whi5 nuclear exit.
An appealing feature of the model we propose is that it offers a coordination of different events in the cell cycle, namely growth, division and replication: replication is coupled to growth, size control acting at the level of initiation of replication/Start, and is also coupled to division. As such, our work paves the way for a molecular level understanding of size control; combining our phenomenological observations with molecular techniques as used in Ref. [19] is a promising direction. It would also be interesting to repeat the analysis we applied here for E. coli and S. cerevisiae to other organisms; Recent work on S. pombe suggest that the incremental model is not applicable to it [33] , and analysis of single C. crescentus cells also reveals striking differences with our results [18] . Extending this analysis to additional microorganisms and understanding the regime of applicability of the model we propose here is likely to shed new light of our understanding of the cell cycle, for both eukaryotes and prokaryotes.
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Strains
The wild type haploid strain is alpha-type magic marker strain created from Y8205 (Tong and Boone, 2007) by fusing a C-terminal eGFP tag to CDC10 and a C-terminal mCherry tag to ACS2. The size distribution and the durations of the cell cycle phases were indistinguishable in this strain from BY4741. Wild type diploid strain was constructed by mating the haploid strain with BY4741.
Time-lapse microscopy
Cells were pre-grown for around 24 hours in SC medium to OD600 of about 0.5. The carbon sources used were as follows: 2% glucose, 2% galactose, 0.05% glucose, 2% raffinose and 2% glycerol + 2% ethanol. The cells were then prepared for imaging growing on agar pads with the respective SC as previously described. We observed growth of microcolonies at 30C using fully automated Olympus IX71 inverted microscope equipped with a motorized XY and Z stage, external excitation and emission filter wheels (Prior) and an IR-based fast laser autofocus (Paran et al, 2007). Fluorescent proteins were detected using EXFO X-Cite light source at 12.5% intensity and Chroma 89021 mCherry/GFP ET filter set. Exposure time for the detection of eGFP and mCherry was 120 msec. Imaging was done by cooled EMCCD camera (Andor). The microscopic setup allowed simultaneous imaging of 60 fields of view for 6 hours. Bright field, red and green fluorescence images were collected every 3 minutes for the fermentable and every 5 minutes in the non-fermentable carbon sources.
Image analysis
Identification and tracking of dividing yeast cells was performed by custom-written software in Matlab (Mathworks). Movies were analyzed from the end to the beginning, segmenting cells only in the last image and then tracking them to the first image. Nuclear marker facilitated the initial tracking and segmentation. Nuclear separation was identified by appearance of the nuclear marker in the daughter cell. Cell birth, defined by the bud neck disappearance, was identified as a significant decrease of the intensity of the bud neck marker in proximity (up to 30 minutes) to the nuclear separation. Cell volume was estimated from the bright field images assuming that the yeast cells are prolate spheroids (Lord and Wheals, 1981).
Description of E. coli data
We analyzed the results of video-microscopy experiments performed by Stewart et al. [13] and Wang, Robert et al. [14] . Stewart et al. followed cells of E. coli, strain MG1655 growing into microcolonies on LB-agarose pads at 30C (25 mins doubling time), with a 2 minutes temporal resolution. Stewart et al. reconstructed cell lineages and measured the length of each cell in the microcolony at each time step. In the data from Wang, Robert et al., MG1655 E. coli cells were grown in LB medium at 37C in microchannels and the length of the cells was measured every minute (doubling time 20 mins). Due to the microchannels structure, at each division only the old-pole daughter cell is followed. From each dataset we extracted the results of several independent experiments (respectively 8 and 4 experiments). Each experiment of the Agarose dataset corresponds to the growth of 6 microcolonies with up to 600 cells (the first 150 minutes of growth were discarded to ensure steady state growth) and each experiment of the µchannels dataset to the growth of bacteria in a hundred microchannels for 40 generations (we kept only the first 50 generations of growth to avoid replicative aging effect and discarded the first 10 generations of those to ensure steady-state). Variations of cell width being negligible compared to variations in length we consider that length is equivalent to volume. Note that both datasets were generated by the analysis of uorescent images (the bacteria constitutively express the Yellow Fluorescent Protein) using two different softwares. 
Supplementary Information

INFERRING THE ASYMMETRY FROM DAUGHTER CELLS ALONE
Eq. (4) of the main text describes a constant volume increment ∆ added from birth to division, which would be the average volume of a cell over the population (averaged over both mothers and daughters). The average size of a first generation cell (daughter) is smaller than ∆. Similarly, the average size at division should be more than twice the average size of a newborn first generation cell.
)/2, we can thus express the asymmetry between mother size and bud size in terms of the averages at birth and division (averaging notation <> is dropped for clarity):
From the data for glucose, for example, we find < v
>= 6000, and their ratio is found to be ∼ 2.2, larger than 2 as expected. The difference of the two is 3290, which is the expected value of ∆. The asymmetry r is expected to be ≈ 0.7 from the above equation, which compares well with existing data (the average asymmetry between daughter and mother cells in glucose is about 0.68).
CORRELATIONS BETWEEN (A) SIZE AT BIRTH AND GROWTH DURING G1 (B) SIZE AT BIRTH AND GROWTH DURING BUDDING AND (C) BETWEEN MOTHER AND DAUGHTER SIZE AT BUDDING
(a) In the main text, it was shown that in a given growth condition, the volume added between birth to division (the incremental volume) is uncorrelated with the size at birth. This is equivalent to a slope of 1 in the correlation plot between size at division and size at birth. The model also predicts the correlations between the size at birth and the growth occurring in G 1 and in the budded phase: using Eq. (3) of the main text, we find that the volume as Start v s is related to that at birth v b according to:
Hence the volume added during G 1 is:
Therefore we expect a negative correlation between the volume added during G 1 and the size at birth, with a slope depending on the asymmetry r and an offset ∆. This prediction, without any fitting parameters, is corroborated in Fig. 1 . (b) Similarly, the volume added during the budded phase is:
This positive correlation is tested in Fig. 2 , showing good agreement with the theory without using any fitting parameters. Therefore, these two plots are consistent with the incremental model, where the volume increment is added between two successive Start events. (c) Eq. (3) of the main text provides a prediction for the correlation between the mother cell size at budding and the daughter cell size at budding. This prediction, with no fitting parameters, is compared with the experimental result in Fig. 3 .
EFFECT OF THE GROWTH RATE ON ∆
Since the budded phase is extended at slower growth rates, the amount of asymmetry r between the mother and the bud remains approximately the same. Since ∆ =∆(r + 1) (see Eq. (5) of the main text), if∆ was constant we would have ∆ to be approximately constant too. However, between glucose and galactose (doubling times of 86 and 130 min respectively) ∆ changes by approximately 20% (from 3000 pxl 3 to 2400 pxl 3 ), while the asymmetry r changes by about 5 %. This suggests that ∆ depends on the growth medium. A possible way to explain this is the following: A constant volume is added not from budding to budding, but from an event in the cell cycle (which we shall define as A) occurring a constant time T 0 prior to budding. We shall now analyze this scenario. Let v A be the volume at A. Thus v s = r 1 v A where r 1 = e λt0 . Repeating the calculations from the main text (Eqs. (2-4) ), we have that the initiator accumulated until division is proportional to v s (1 + r) − v A = (r 1 (1 + r) − 1)v A . The amount of inhibitor going into the daughter cell is therefore
and the size at the new A event satisfies:
Regrouping we find:
Thus:
Substituting again v
we have:
Since v b = rv s = rr 1 v A we still have a correlation with slope 1 between the size at birth and division, albeit with an effective ∆ = e λ(t b +t0) . This is approximately what we find for our 5 growth conditions, see Fig. 3 .
DISTRIBUTION OF SIZE AT BIRTH AND INTERDIVISION TIME ASYMMETRIC DIVISION
In order to model and predict the distribution of newborn cell size and interdivision times, we need to make two further assumptions. The main text shows the agreement between the predictions of the incremental model and the experimental data for daughter cells, but did not discuss size control in mother cells. It is believed that daughter cells have a stronger size control, which is indeed supported by our data: when considering the dependence of size at division on the size at birth, a smaller slope would correspond to a tighter size control -for example, the "optimal" case of a critical size mechanism corresponds to a vanishing slope. The main text shows that to a good approximation the slope is 1 for daughter cells. A linear regression for the mother cells gives 1.31, 1.21, 1.12, 1.16 and 1.26 for glucose, galactose, glycerol, low glucose and raffinose respectively. While these values are sufficiently different from those of the daughter cells to support the notion that a different size-control mechanism may be working in mother cells, it is sufficiently close to 1 to allow us to make a simplification and assume that the incremental model holds for all cells -as we shall show, this model leads to good results with regards to the size and time distributions. A second assumption regards the nature of the noise. Building on Refs. [1, 2] , we shall assume a noise that is additive to the deterministic component of the interdivision time, which is given by Eq. (6) of the main text. Assuming a constant asymmetry ratio, all of the distributions of newborn cell size, size at division and time to division will be controlled by a single parameter, which is the noise in the underlying stochastic process. In summary, our stochastic model is as follows: for a newborn cell, the deterministic component of the time to division is given by t a =
To this time will be added a random component, t n , drawn from a Gaussian distribution with vanishing mean and standard deviation σ n which will be the only fitting parameter in the model. Thus:
and the size at division will be:
For the case of E. coli, the resulting distributions can be analytically solved [2] , leading to a log-normal distribution of size and a Gaussian distribution of times. We shall now provide approximate analytic results also for the case of yeast.
Under the assumption of asymmetric division with constant ratio f ≡ 1/r, the distribution of mother newborn size is obtained from the newborn daughters size distribution by scaling the x axis by f : since for every instance where a bud of size X was born the size of the mother cell after division is f X. This implies that the distribution of the logarithm of mother cells is that of newborn buds shifted by a constant B = log 2 (f ). Hence the distribution of the entire population is given by:
The incremental model provides us with a relation between the volume at division v d and at birth v b . It is convenient to write this in terms of the logarithms:
with τ d = log(2)/λ the mass doubling time.
Assuming a narrow distribution of v b around the average cell size at birth ∆, we obtain:
Since the noise is uncorrelated with the newborn size, the variance of the random variable ξ = log 2 (
and we can calculate the variance of log 2 (v b /V 0 ) (over the whole population) using Eq. (18) and the assumption that the distributions of log(v b ) for mothers and daughters separately are close to Gaussian. Denoting the variance of the logarithm of the daughter size, log(v 
and therefore:
Stationarity of the daughter size distribution implies that the distribution of 1/(1 + f )v division is the same as the newborn bud size distribution P (v 
For symmetric division (f = 1) this reduces to the results of Ref. [2] for α = 1/2. The average daughter and mother cell size at birth can be easily found by the following consideration: Denoting the average daughter volume is V 0 , the average mother volume is V 0 /r. This implies that:
), hence the average daughter cell size is: (24), while the distribution of entire population is a sum of two log-normal distributions.
and the average mother size is 2/(1 + r)∆. The excellent agreement between these results and the numerically exact result are shown in Fig. 4 .
The interdivision time can be calculated in a similar fashion. From Eq. (20) we have:
(26) Thus the distribution will be Gaussian with a variance:
Plugging in the previously calculated values we find that the interdivision time distribution of the daughter cells is: 
Similar considerations show that the mother cell interdivision time distribution has the same variance. These results are verified in Fig. 5 . 
Outlier detection for calculation correlation coefficients
Both the agarose and microchannels dataset contain a few outliers (1-2% of the cells) that influence strongly the calculation of the correlation coefficients (see Fig. 7 ). In both agarose and microfluidic experiments, some cells filament and exhibit an asymmetric division : the septum is positioned at the quarter of the cell instead of the middle. Most of the outliers in the data (for either size at birth, size at division or interdivision time) correspond to cells that exhibit such asymmetric division or their daughters (see red dots in figure Fig. 7 ). Once these cells are removed (Fig. 8) , the few remaining outliers can be removed by filtering the particularly high or low values of interdivision time, size at birth and size at division (see green dots in Fig. 7) . The thresholds are calculated as the quantiles of the lognormal (for sizes) or normal (for times) distributions at the level 1/[sample size] (i.e. the probability to have a value above the maximum threshold or below the minimum threshold is 1/[number of cells]). Importantly, in contrast to the outliers created by asymmetric division, these outliers are not very influential and the thresholding procedure does not change significantly the correlation coefficients (example in Fig. 7 ).
CORRELATION COEFFICIENTS FOR NOISY SYMMETRIC DIVISION
In this section we calculate the Pearson correlation coefficients for the incremental model with symmetric division, relevant for E. coli. Unlike Ref. [2] , which assumed perfectly symmetric division, here we take into account the approximately Gaussian distribution of the asymmetry around 0.5 [3, 4] , where the asymmetry is defined as the ratio of size at birth of one daughter cell over the size at division of the mother. Thus, if a cell has volume v d at division, the size at birth of one of the offsprings will be a random variable v b = v d ·(1/2+σ d r n ) with r n a Gaussian random variable with vanishing mean and variance 1.
It is useful to define a dimensionless parameter
In the following we prove that: (Size at birth : Size at division)
(Size at birth : Time to division)
(Time to division : Size at division)
(Mother size at birth: Daughter size at birth)
(Mother generation time: Daughter generation time)
(Sister : Sister size at birth)
Variance of size at birth and at division
Using the notations of Ref.
[2], we have:
where for the incremental model α = 1/2. For weak noise, we can expand the last term as:
We still have a Gaussian solution for log(v), but now the equation for the variance reads: 
Clearly, the distribution of size at birth is broadened by the asymmetry of the division. On the other hand, the size at division is given by:
Therefore its variance is:
such that:
The variance of the size distribution at division is smaller than that at birth, as it must be from stationarity: after being broadened by the asymmetric division, the two must coincide.
These calculations can easily be verified by numerical simulations of the incremental model. For example, using α = 1/2 and the realistic values σ T /τ d = 0.2 and σ d = 0.025, corresponding to a CV of 5%, Eq. (40) predicts: X = 0.0603, while the simulation gives 0.0605. Similarly, Eq. (43) predicts Y = X/4 + 0.2 2 = 0.0551, while the simulation gives 0.0553. Note that while the calculations above are valid for any α, in the following we focus on the case α = 1/2, corresponding to the incremental model, unless otherwise specified.
Newborn size and division size
The correlation coefficient between the newborn size and the size at birth, C ss , is approximately the same as that between log 2 (v d /2v 0 ) and log 2 (v b /v 0 ), since due to the narrowness of the distribution we can Taylor expand the logarithms of the size at birth or division around their average values, and Pearson correlation coefficients are unchanged by shifts or multiplication by a factor. Thus:
where X and Y were calculated previously, see Eqs. (40) and (43). Using Eq. (41), and since the noise is assumed uncorrelated with the newborn size, we have:
For the incremental model with perfectly symmetric divisions, C ss = 0.5. The asymmetry will make this value slightly larger than 0.5, since Y < X. For weak asymmetry such that σ d σ T /τ , we can expand to obtain:
For example, for σ T /τ d = 0.2, σ d = 0.025, this predicts C ss ≈ 0.52, consistent with numerical results on the incremental model.
Newborn size and inter-division time
Similarly, Eq. (3) of Ref. [2] gives:
with α = 1/2 for the incremental model. Hence, there is a negative correlation between log(newborn size) and inter-division time, with slope −α. Let us calculate the correlation coefficient of the inter-division time with newborn size. Since the distribution is quite narrow, this is nearly the same as the correlation coefficient between time and the logarithm of size: 
Combining these we find: Notice that the relative change in this correlation coefficient is the same as C ts , and is twice as large as C ss and C st .
sister:sister size at birth
Assuming that the mother size is V d , the two daughter sizes are:
and:
Hence the correlation coefficient between the logarithms of the daughter sizes is approximately:
Using Eqs. (40) and (43) and using σ d σ T /τ d we find:
This correlation coefficient is the most sensitive to the asymmetry noise among the ones calculated here. For the realistic ratio σ d τ d /σ T ∼ 0.1, it is useful to keep the more accurate form of it:
with X and Y given by Eqs. (40) and (43). [5] 
